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This thesis presents research in the field of molecular electronics. Two types of 
molecules (saturated alkanethiols and oligo(phenylene ethynylene)) were investigated 
by fabricating molecular junctions with the help of conducting probe atomic force 
microscope (AFM).  
 
Saturated alkanethiols are a group of widely studied molecules in molecular electronics. 
However, a large range of conductance values have been reported for identical 
molecules under dissimilar experimental environment. In this project, a statistical 
analysis method was applied to improve the measurement accuracy. With this method, 
the role of the contact resistance in the conductance of the whole molecular junction 
was investigated. Platinum was used as a replacement for gold electrode which was 
commonly used in previous studies. A smaller contact resistance and tunneling 
attenuation factor were observed due to the increase of electrode work function 
(platinum has a higher work function than gold).    
 
A further study of the more complex oligo(phenylene ethynylene) (OPE) system in a 
similar way has demonstrated how the electron transport through conjugated molecules 
can be tuned by the introduction of substituent groups with different electron induction 
effects. The –NO2 and –NH2 derivatives of OPE were synthesized to show that these 
substituent groups can affect the molecular conductance by changing their conformation 
and electronic structure. A smaller conductance was observed for OPE-NH2 compared to 
 vii
OPE and OPE-NO2. This was consistent with the results from theoretical calculations 
which showed that the lone pair of the nitrogen is only partially conjugated with the 
benzene ring. Hence, the –NH2 group in OPE-NH2 molecule does not lie in the  plane of 
the connected benzene ring and it even pulled the connected benzene ring out of the 
plane of the OPE backbone. The geometry of the –NH2 group thus prevented the 
effective conjugation of the OPE backbone. A strong tip-molecule interaction as well as 
a large conductance was observed under a strong electric field which implied that the 








Chapter 1  
Introduction 
 
The idea of using organic molecules as elements of electronic devices was first 
proposed by A. Aviram and M.A.Ratner in 1974 [1]. This idea satisfied, at least in 
principle, the requirements of high speed, high-integration density, and low power 
consumption for future information processing and storage systems. So far, while 
molecular electronics remains a relatively young field, it has shown impressive 
potential and has attracted a high level of research interest amongst scientists. On the 
one hand, electronic devices featuring organic molecules are possible substitutes for 
conventional electronic materials, and in this regard, they have shown behaviors 
similar to those in current electronic devices, such as switches [2-6], transistors [7], 
rectifiers [8, 9], memory devices [10] and logic gates [11]. On the other hand, 
because of their reduced scale (from micro to nano), organic molecules may 
demonstrate more novel and flexible properties due to the quantum effect. 
Meanwhile, in some molecular scale processes, the speed of electron transfer is of 
the order of femto-seconds; thus, an electronic device comprising of a few molecules 
is expected to be able to provide a higher response speed than present devices. The 
extended applications of such devices for the use as sensors, or in the fields of 
photonics, electrocatalysis, and solar photoconversion can be expected as well.  
 
In this introductory chapter, we will present the motivation and direction of 




modern electronics. This will be followed by a report on recent progress in the field 
of molecular electronics which will provide the theoretical background, 
experimental techniques and the kinds of problems that need to be solved. Finally, 
the chapter will conclude with a discussion on the objectives and scope of this 
project.  
 
1.1 Conventional Electronics 
1.1.1 History and Key Electronic Devices 
Since the first transistor ( a point contact transistor shown in Figure 1.1 a, b) which 
realized signal amplification was invented by John Bardeen and Walter Brattain at 
the Bell Laboratories in 1947, bulky and expensive vacuum tubes had been replaced 
by solid state devices, resulting in rapid growth in the electronic industry. Another 
subsequent key invention (by William Schockley in 1948) was the bipolar junction 
which can control the current flowing through p-type and n-type germanium (Figure 
1.1 c). Such junctions were fabricated for many years, with attempts made to 
decrease their sizes. In 1954, the germanium transistor was replaced by the silicon 
transistor. Four years after that, junction transistors were integrated into circuits and 
used till 1961 when the field emission transistor (FET) was invented (Figure 1.1 d). 
FETs finally made possible the function of tuning the amount of electrons and holes 















Figure 1.1 Schematic Diagram of Key Conventional  
Electronic Devices (a) point contact transistor  
without applied bias; (b) point contact transistor with  
applied bias; (c) bipolar junction transistor; and  
(d) field emission transistor  
 
 
1.1.2 Materials for Conventional Electronic Devices  
In conventional electronics industry, most functions were realized through the clever 
applications of the electronic properties of semiconductor materials. Although 
hundreds of materials can be classified as semiconductors, transistors are almost 
exclusively made from silicon. The successful preparation of single-crystal silicon 
allows it to be a more superior electronic material compared with other materials. Its 
electrical, chemical, mechanical, structural, and thermal properties all make silicon 





To be preferred for use as transistor materials, the band gap of the semiconductor 
material must be of an appropriate value. Too small a band gap value leads to too 
high a density of minority carriers, resulting in large leakage currents in reverse 
biased p-n junctions. Conversely, too large a band gap value gives rise to difficulties 
in the injection of minority carriers by a forward biased p-n junction, because the 
competing process of electron-hole recombination via traps in the depletion region 
becomes dominant. Silicon, which has a band gap value of 1.12 eV, makes a 
compromise between these two extreme sets of conditions. Compared to germanium, 
silicon has a larger band gap, making it easier for operations at a higher temperature. 
Secondly, the oxidation of silicon will produce a water-insoluble oxide while 
germanium oxide is water soluble. The inherent silicon oxide is suitable as an 
impermeable diffusion mask and can produce an insulating layer between 
conducting layers to realize some electronic functions. Finally, it is a practical 
advantage that sources of high-purity silicon are readily available and affordable. In 
current industrial practice, silicon-based electronic devices are integrated onto a 
single piece of silicon wafer to form a circuit which has greatly reduced the number 
of interconnections between different materials, and hence gives rise to reduced cost 
and improved reliability.  
 
Although the advantages of silicon have made it the preferred material for 
mainstream transistor fabrication, there are some more specialized device 




that require operations at microwave or millimeter wave frequencies, GaAs is a 
better choice. For p-n diodes, a much wider range of materials can be chosen than 
those for transistors. Such diodes fulfill many diverse functions, like rectification, 
optical detectors, optical generation (LEDs, laser), and microwave generation. Si, Ge, 
GaAs, GaP, InP, InGaAs, InGaAs, InGaAsP, and GaAsP are all candidates for such 
p-n diodes [12].  
 
1.1.3 Moore’s Law 
Technologies have been developed to further decrease the size of circuit components 
to optimize the computing speed and stability of electronic devices. In a statement 
made in 1965 and revised in 1975, Intel co-founder Gordon Moore predicted that 
chip density would double every two years for a ten-year period [13, 14]. Data today 
shows that the cycle is 18 months and at this rate, in the near future, the electronic 
component will be in the molecular scale. This gives rise to several challenges for 
current microelectronics fabrication techniques, including elimination of dopant 
fluctuations in materials, control of parasitic resistance and capacitance of transistors, 
maintenance of proper transistor electrostatics to allow the gate terminal to control 
the on/off behavior, thermal design to effectively handle the dissipation of delivered 
power, and the reduction of the manufacturing cost of the overall system. 
Considering the fundamental barrier of atomic size and the smallest charge unit, the 
switch states of ultimate electronic devices will be tuned by a single electron. This 




limitations of current fabrication techniques and silicon-based device physics have 
posed restrictions on further reduction of chip dimensions. For a new generation of 
electronic devices, a whole new set of materials will be required.  
 
1.2 Molecular Electronics 
Compared to inorganic materials, the geometry and electronic structure of organic 
molecules may be designed and fine-tuned through advanced synthesis techniques. 
This allows for the introduction of novel properties into the electronic devices. 
However, the electron transport mechanisms at the sub-nano level and in organic 
molecules are more complex and to date less well-understood than those in micro- or 
macro- inorganic materials. New fabrication, detection, and characterization 
techniques suitable for testing and integration of electronic materials in sub-nano 
scale are also required. 
 
1.2.1 Electron Transport Mechanisms in Molecules 
Several mechanisms have been proposed for electron transport in molecules which 
were based on molecular sizes and structures. Some of these proposals are 
















Table 1.1 Electron Transport Mechanisms in Metal-Molecule-Metal Junctions [15]. “β”is the tunneling 
attenuation factor which is proportional to the square root of the barrier height. “a”, “b”, and “c” are 
constants and independent of temperature, voltage and molecular structures, whilst “d” is the length of 
the molecule.  
 
Coherent Tunneling  
Coherent tunneling was concluded from quantum mechanics. This tunneling 
mechanism is dependent on the probability of an electron traversing a barrier of a 
certain thickness and height. The rate of coherent tunneling decreased exponentially 
with the thickness of the barrier, and is given by the Simmon’s Relation expressed as 
the simplified Equation 1.1 [16] 
J= Be-βd                      (1.1) 
where J is current density, B is a constant, d is the barrier thickness and β is the 
tunneling attenuation factor which is proportional to the square root of the barrier 
height. Such a tunneling mechanism is related to molecular conformation, because 
the geometry of contacts can be changed by molecular vibrations or internal 





I-V relation Length  
dependence 
Coherent tunneling None Linear at low voltage exp(-βd) 
Incoherent tunneling None Linear at low voltage exp(-cd) 
Hopping (Ohmic) exp(-a/T) Linear at low voltage d-1 
Schottky Emission exp(-a/T) exp(bV1/2) exp(-cd1/2) 





This mechanism was proposed in the 1990s when scientists observed the electron 
transport phenomenon in a DNA helix [17-20]. As a DNA helix was known to be an 
insulator and around 4 nm in length (which was too long a distance for coherent 
tunneling), some new electron transport mechanism must exist.  
 
In “incoherent tunneling”, electrons tunnel coherently along a series of sites (Figure 
1.2), which can be described as potential wells [21]. They stay in each well for a 
sufficient length of time which can be taken as moving between wells with discrete 
steps. It is worth noting that electrons may move in a random path between sites, 







Figure 1.2 Schematic Representation of Incoherent Tunneling Mechanism. Electrons diffuse between 
two electrodes and tunnels coherently through a series of potential wells 
 
Hopping Mechanism 
The “hopping mechanism” is different from the two mechanisms described above in 
that it is a temperature-dependent electron transfer process and it follows the 
classical Arrhenius Relation (Equation 1.2) 
      kT=k ET0 exp (-Ea/kT)                         (1.2) 




Boltzman constant. Just as in incoherent tunneling, the electron may traverse one or 
more sites. However, such an electron transport only occurs after a rearrangement of 
atoms. When the thermal motion of nuclei results in a favorable molecular geometry, 
electrons would move over the barrier. Since the hopping process involves a transfer 
between a series of relatively stable sites, it does not exhibit exponential distance 
dependence, and the current varies with d-1. This mechanism is also the basis of the 
ohmic conduction. In most cases, coherent tunneling happens within a short distance, 










Figure 1.3 A theoretical comparison of coherent tunneling current through a barrier height of 0.3 eV 
as well as thermal activation current over a barrier height of 0.3 eV, both as a function of junction 
thickness [20]. The tunneling current is independent of temperature while the thermal mechanism is 
strongly temperature dependent. The current scale is logarithmic. 
 
1.2.2 Molecular Junctions 
The basic structure of a molecular electronic device is considered to be a junction 
that often involves metal or semiconductor solid electrodes connecting to molecules. 
In earlier years, scientists studied electron transfer in donor-bridge-acceptor (DBA) 




controlling factor of electron transport rate [22-24] (Figure 1.4 a). In later studies, 
the donor or acceptor was replaced by a conducting solid in order to study how the 
electron transport rate depended on the “bridge” structure, usually with 
electrochemical methods [25-27] (Figure 1.4 b). Finally, with the development of 
characterization techniques, especially the invention of the scanning probe 
microscope in the 1980s, investigators have successfully integrated DBA and 
metal/semiconductor-molecule junction together into a metal-molecule-metal 
junction and electrons were transmitted through the molecule (Figure 1.4 c). In this 
way, the properties of a single molecule or molecular monolayers can be studied. 
 










                                (c) 
Figure 1.4 Electron Transfer Models (a) donor-bridge-acceptor (b) 






1.2.2.1 Electronic Structures of Molecular Junctions 
A molecular junction can be divided into parts according to their energy levels. 
Metals in most cases have a high and uniform density of states (DOS) while 
semiconductors have conduction band, valence band, and band gap. These energy 
levels may be completely or partially occupied by electrons. The positions of these 
energy levels can be predicted by the Fermi Distribution Function. The numbers of 
electrons on different energy levels will be redistributed by applying a bias. 
Electrons of molecule will be distributed on molecular orbitals. A schematic 
representation of the energy diagram of a metal-molecule-metal junction and its 

































Figure 1.5 Schematic Representation of Energy Levels in Metal-Molecule-Metal Junctions at Zero 
Bias and with Positive or Negative Bias. Ef is the Fermi level of metal and Φ is the tunneling barrier at 
zero bias. 
 
The interface and energy barrier between molecule and metal electrode are very 
important in the electron transfer process. If the barrier is very large, the molecule 
and electrode are isolated and do not interact with each other. Conversely, if the 
barrier is very small, the contact will be an “Ohmic Contact”, in which the electron 
can move freely between metal electrode and molecules. The molecule-metal 
coupling is then very strong. In most systems studied so far, the interaction between 
molecules and metal electrode is generally considered to be “intermediate”, 





1.2.2.2 Fabrication of Metal-Molecule-Metal Junctions 
Advances in integrated circuits and electronic devices have driven the level of 
precision in the techniques of fabrication of functional structures down to the 
nanoscale dimension (Figure 1.6). Techniques in circuit integration and electronic 
device fabrication can be generally classified into two categories: top-down and 
bottom-up. Representative of the “top-down approach” is the lithographic process 
which is the most productive and widely used technique in current microelectronic 
industry, while STM and AFM present the “bottom-up approach” by manipulating 
individual molecules or even atoms to assemble nanostructures. However, 
AFM/STM manipulation is quite slow and requires a stringent environment. Two 
“bottom-up” methods that are most widely used in molecular junctions’ construction 





















Figure 1.6 Micro- and Nano-Fabrication Techniques 
 
Langmuir Blodgett Films  
It is widely known that aqueous soluble molecules will be dispersed in water while 
insoluble ones will coalesce to form small particles and then either precipitate or stay 
on the surface in a 3-dimension arrangement. However, there is another type of 
molecules that have one end that is soluble, while the rest of the molecule is 
insoluble in water. Such amphiphilic molecules will, after spreading on the water 
surface, undergo a phase transition and order themselves into a 2-dimensional 
packed arrangement when compressed by a piston (Figure 1.7). If the surface of the 
substrate is hydrophobic, when the substrate is immersed into the water, only the 
hydrophobic part of molecules will be attracted. Conversely, if the surface of the 
substrate is hydrophilic, only the hydrophilic part of the molecules will be attracted. 












Figure 1.7 Schematic Representation of the Langmuir Blodgett Film Fabrication Process. A small 
amount of amphiphilic molecules which is dissolved in some low boiling-point organic solvent is 
dropped on water surface. After the low boiling-point solvent has been evaporated, the molecules will 
stand on the surface with the hydrophilic head in water and the hydrophobic tail above water. A piston 
is used to compress these molecules into an ordered and packed arrangement. The molecules can be 
transferred to a substrate which is dipped in water and then lifted at an appropriate rate. The stability 
of the films depends on the polarity of the molecular head groups and the van der Waals force 
between molecules. 
  
Self-Assembly Process  
The principle behind the self-assembly of molecules is of a nature similar to that in 
the formation of membranes from lipid molecules and the formation of a DNA/RNA 
double helix. A self-assembled monolayer (SAM) consists of ordered molecular 
assemblies that are formed through a designed interaction between the head groups 
of molecules and the substrate. The necessary condition to allow for a self-assembly 
is the presence of a reversible process (irreversible processes do not lead to 
self-assembled structures).  
 
SAMs are attractive because of their easy preparation methods, either by solution 
deposition or gas phase deposition (will be presented in the following sections). 




structures and functional groups of SAMs. Furthermore, chemical adsorption 
between molecules and substrate which will reduce the electronic barriers between 
substrate and molecules makes SAMs much more stable than Langmuir Blodgett 
films (van der Waals interactions). 
 
a. Solution Deposition  
The ease and low cost of solution deposition is one of the reasons for the popularity 
of SAMs. Provided the substrate is properly cleaned (by immersion into the 
appropriate cleansing solution for a certain period of time), the monolayer will 
assemble on it. Assembly of thiols (R-SH where R denotes the rest part of the 
molecule) on gold substrate in ethanolic solution [28] and silane-based systems on 
SiO2 [29] are two model systems. However, it can sometimes be very critical to 
control the purity of the solution. For example, in the case of silane-based systems, 
the water content is important for the preparation of SAMs. Finally, after the 
deposition of SAMs on substrates, an appropriate rinsing procedure is necessary.  
 
b. Gas Phase Deposition  
Gas phase deposition is another approach to prepare SAMs. The substrate cleaned by 
ion sputtering and annealing (for metal single crystals) is placed in an UHV chamber. 
Molecules can be dosed through an attached valve with a controllable flux from a 
little glass bulb container. This method was successfully adopted by G. E. Poirier and 
co-workers [28, 30-32]. Pioneering work in this area included the deposition of 
alkanethiols using a nitrogen stream for the first time by R.C.Thomas in 1991 [33].  
 




the solution phase. However, it can provide the extremely clean environment and 
allows for the use of many in-situ analytical surface science tools, like STM and 
XPS. 
 
1.2.2.3 Linkage between Metal and Molecules 
Significant effort has been devoted to find a reliable way to connect molecules 
between two electrodes. A suitable linker between metal and molecule is essential 
for both junction properties and characterization. It determines the lifetime and 
operation stability of a molecular junction. The linkage is especially important when 
these molecules are to be integrated into a circuit. Some common metal-ligand 
interactions have been summarized in Table 1.2. 
 
The most popular electrode material is gold due to its inert chemical properties in 
ambient conditions and good conductivity. Gold and molecules with the functional 
groups of isocyanide [34, 35], amine [36], pyridine [37] have thus been widely 
studied. Alkylthiol monolayers on gold have been studied by the groups of Nuzzo 
[38], Tour [39], Whiteside [39], and Poirier [40]. The main advantage of the 
formation of thiol monolayers is its reversibility; therefore, the thiol molecules can 
adjust themselves to form ordered SAMs. The combination energy of the Au-S bond 
is around 44 kcal/mol and the van der Waals interactions between alkane chains also 
help to form highly ordered 2-dimensional lattices [41, 42]. Thiol (or disulfide or 








Table 1.2 Monolayers formed by self-assembly on inorganic substrates [67] 
 
The reactions involved when a thiol terminated molecule binds to and leaves the 
gold surface are shown in Equation 1.3 and 1.4. There are several possible ways for 
thiol terminated molecules to adsorb on gold surfaces (Figure 1.8). Electron 
diffraction studies of monolayers of alkanethiolates on Au(111) surfaces showed that 
the arrangement of the sulfur atoms is hexagonal, with an S….S spacing of 4.97 Å 
Surface Ligand Interfacial Bonding Reference 
Au R-SH, Ar-SH (thiols) RS-Au [41, 43-47] 
 RSSR’ (disufides) RS-Au [38, 48] 
 RSR’(sulfides) RS-Au [49] 
    
SiO2, glass RSiCl3, RSiOR3 Siloxane network [29, 50, 51] 
Si [RCOO]2 (neat) R-Si [52] 
 RCH=CH2, [RCOO]2 R-CH2CH2-Si [53] 
GaAs RSH RS-GaAs [54, 55] 
Ag R-SH, Ar-SH RS-Ag [56-59] 
Cu R-SH, Ar-SH RS-Cu [59-61] 







RCONHOH…MOn      
[62-64] 








and a calculated area per molecule of 21.4 Å2  [68-70].  
 
                                                               (1.3) 






Figure 1.8 Different Absorption Modes of Thiol Terminated Molecules on Au Surface 
 
1.3 Measurement of Molecular Conductance 
Although the measurement of conductance is a direct and simple characterization of 
the electronic properties of a material, a general problem in studying the 
conductance of a single molecule or a small number of molecules is the nature of the 
contacts. Experimentally it has been a challenge to deal with two metallic electrodes 
separated by a distance of ~2 nm or less. At the same time, how the single molecule 
between two electrodes can be addressed also complicates the measurement. Recent 
advances in the design of the scanning probe microscopes and the development of 
nanofabrication techniques make it possible to measure small ensembles or even 
down to an individual molecule. In some earlier experiments, claims had been made 
that measurements had been done on a single molecule placed between two 
macroscopic gold contacts [71, 72]. However, the results from these different 
experimental set-ups have been rather varied. Table 1.3 summarizes the results of 




conductance from different methods at low biases.  
 
Table 1.3 Measured Resistance of Octanedithiol with Different Methods at Low Bias 
 
Scientists have proposed several solutions to solve the measurement problem, for 
example, using mercury drop junctions, mechanical break junctions, thermally 
evaporated top contacts (nanopore), crossed wires, STM, or the conducting probe 
atomic force microscope (AFM) (these methods have been shown in Figure 1.9). The 









Method Resistance (MΩ) 
Self-assemble junction [73] 900±50 
Break-junction [72] 51±5 
DFT [73] 150 
DFT [74] 40 























Figure 1.9 Techniques Developed for Measuring Molecular Conductance. Images are not drawn to 
scale [75]. A Mercury drop junctions B. Mechanical break junctions C. Thermally evaporated top 
contacts (Nanopore), D. Metal nanowires E. Nanometer-scaled gaps F. Crossed wires G. STM H. 
Conducting probe AFM I. Conducting probe AFM coupled with nanoparticles 
 
1.3.1 Mercury Drop Junctions 
In this method, the mercury drop was formed at the end of a mercury column 
electrode and immersed into solution with thiol molecules to form a SAM on its 




the SAM on gold or silver substrate. Thus, molecules on the gold substrate could be 
connected to those on the suspended mercury drop to form a 
metal-SAM-SAM-metal junction [76] (Figure 1.9 A). Such a set-up allowed an 
ensemble of molecules to be in contact with two metal electrodes. Because the 
mercury drop is highly flexible and able to fit itself to the SAM, this method 
minimized the damage to the organic molecules during the connection of the SAM 
and the second electrode.  
 
In subsequent modified experiments, mercury was used as both electrodes [77] or 
one electrode to form Hg-SAM-semiconductor junctions [78-80]. However, these 
experiments can not be performed under cryogenic temperatures and can only allow 
the study of the properties of an ensemble of molecules, but not those of a single 
molecule.  
 
1.3.2 Mechanical Break Junctions  
Some initial effort was devoted to the formation of mechanical break junctions [14, 
71, 81, 82] (Figure 1.9 B). A gold wire was attached to a flexible substrate. The 
substrate was bent by a piezoelectric actuator until the wire was fractured. The 
distance between the two parts of the gold wire can be controlled precisely by the 
actuator. Molecules were deposited into the gap subsequently from a drop of solution. 
During the solvent evaporation process, the two electrodes were brought closer until 
one molecule bridged over them. In this way, reproducible results can be obtained 
for rigid and short molecules. For long and flexible molecules, the exact 
conformation and tunneling path were unknown and undesired contacts with other 





1.3.3 Thermally Evaporated Top Contacts (Nanopore) 
Reed and co-workers have developed a straightforward method to fabricate a 
sandwich structure (Figure 1.9 C) with electron-beam lithography, plasma etching, 
and anisotropic etchant. A silicon nitride membrane with an aperture whose diameter 
was 30 to 50 nm was created first [83] and the top electrode was fabricated by 
evaporating gold onto the membrane. The whole device was then immersed into the 
solution of desired molecules to form the SAM. The bottom electrode was formed 
by evaporating around 200 nm of gold onto the SAM at 77 K. The low temperature 
was essential here to prevent damage to the SAM [84]. Nonetheless such an 
evaporation process can be very harsh to the organic layer [85-87], causing short 
circuit problems. An ensemble of molecules (around several thousands) can be 
measured in this way. However, as the organic layer was sealed in the device, it was 
difficult to probe SAM’s structure before the bottom electrode was formed and also 
during the measurement, which limited the study of the relationship between charge 
transport mechanism and molecular conformation. These organic molecules may not 
be organized in an ordered orientation which would affect the results of the 
measurement.    
 
1.3.4 Metal Nanowires 
To limit the number of molecules involved in the measurement, another method was 
developed by Mallouk and co-workers [88, 89]. They adopted polycarbonate 
templates with nanometer diameter (Figure 1.9 D) to fabricate gold nanowires 
using the electro-deposition method. The growth process was interrupted to allow 




chemically seeded and the deposition re-started afterwards. On removal of the 
template, a gold nanowire with metal-SAM-metal junction was formed. This long 
nanowire was then aligned between two macroscopic metal electrodes with 
electro-fluidic alignment. Electro-deposition is gentler than thermal evaporation 
deposition, causing less damage to the SAM. The advantage of this method is that 
it can be used to integrate molecular junctions in large scale circuits with electric 
field-assisted alignment to position the nanowires. However, like the nanopore 
method, the precise structure of SAMs cannot be probed.  
 
1.3.5 Nanometer-scaled Gaps 
With advanced fabrication techniques of nano-scaled gaps, Amlani et al adopted a 
nanoparticle as the other contact to connect molecules on the two ends of the gap [90] 
(Figure 1.9 E). A gap of 40 to 100 nm was fabricated with electron-beam and 
photolithography. Under an AC electric field, a gold nanoparticle was trapped in the 
gap, in contact with the SAM, to form a closed circuit 
(metal-molecule-nanoparticle-molecule-metal junction). Such a junction is much 
more complicated than a metal-molecule-metal junction, but it can work as two 
diodes in series. It may be useful for the analysis of two or more different molecules 
in one circuit in the future.   
 
1.3.6 Crossed Wires 
Making use of a magnetic field, a mobile electrode can be realized by using the 
crossed wires method [91] (Figure 1.9 F). One nanowire was functionalized with 
SAM and the other was perpendicular to the magnetic field. The Lorentz force 




nanowires. With this method, the difficulty of making another contact on fragile 
organic SAMs can be overcome.  
 
1.3.7 Scanning Tunneling Microscope 
The STM has the advantage of allowing individual molecules to be imaged and 
measured simultaneously. Its high resolution made it possible a single molecule and 
its local properties to be studied. However, the interpretation of the current-voltage 
relation was complicated by the tunneling gap between the tip and the SAM as such 
a gap led to an inherent asymmetric junction. 
 
On the other hand, Tao and his co-workers combined the principles of the 
mechanical break junction and STM in a set-up which could construct the break 
junction repeatedly for statistical analysis [72, 92] and single molecule 
characterization,. A gold STM tip was in contact with the gold substrate in dithiol 
solution and the tip was then lifted slowly till it was off the surface to form a gold 
atom nanofilament. The conductance was monitored throughout the whole 
withdrawing process before the tip was further lifted to break the junction. The 
histogram of the observed conductance gave rise to a pattern of discrete values.  
  
1.3.8 Conducting Probe AFM  
Compared to STM, the advantage of conducting probe AFM was its contact mode 
feedback mechanism (Figure 1.9 H and I). In this case, the key factor was the force 
load which can control the space between the tip and the SAM. A large force could 
also be applied to tune the conductivity properties by changing the molecular 




the number of molecules under measurement was controlled at around 100. Lindsay 
and co-workers further modified the method by measuring the conductivity of 
molecules with sulfur atom on both ends and inserted in an insulating SAM matrix 
[73, 93]. These dithiol molecules were later connected with gold nanoparticles by 
one thiol group in order to keep the signal stable and place the AFM tip.  
 
1.4 Scope and Objectives of Work in this Thesis 
In the work for this thesis, our first objective is to establish the methodology for the 
measurement of the conductance of organic molecules with the conducting probe 
AFM in our laboratory. Molecular junctions were fabricated with self-assembly 
mechanism in which the molecules were connected to a macroscopic gold electrode 
with S-Au covalent bonds. Alkanethiol molecules of different chain lengths were 
employed to evaluate the reliability of this method and the influence of electrode 
material. After studying the simplest alkanethiol molecules, conjugated molecules 
with better conductivities and more complex structures were studied. 
Electron-withdrawing and electron-donating groups which changed the position of 
the molecular orbitals were introduced into the molecular backbone. Varying the bias 
and load applied on the AFM tip may lead to a re-alignment of the Fermi level of 
metal electrodes and molecular orbitals (especially the highest occupied molecular 
orbit (HOMO) and the lowest unoccupied molecular orbit (LUMO)) and the change 
of molecular conformation, which then provided the possibility to tune the electron 
transport pathway. These variations in the experimental procedure were carried out in 
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Chapter 2    
Experimental 
 
2.1 Introduction  
In this project, the conducting probe atomic force microscope (AFM) was the main 
tool adopted for the study of the conductance of different molecules. The feedback 
mechanism of the conducting probe AFM is the same as that of contact mode AFM. 
In order to achieve a precise control of the load applied on the cantilever of the 
probe during conductance measurement, an understanding of the principles of 
contact mode AFM is required. Methods used for the characterization of 
self-assembled monolayers (SAMs) will be outlined as well.  
 
2.2 Atomic Force Microscope  
The AFM was initially developed for extending the application of the scanning 
probe microscope (SPM) to non-conductive samples [1]. The earliest form of SPM is 
scanning tunneling microscope (STM) which made use of the tunneling current 
between two close conductors. In STM, the feedback circuits maintain a preset 
tunneling current by the application of a voltage to the z-piezo tube，which will 
adjust the relative height between the substrate and the sharp STM tip. The 
corrective voltage produced during scanning is an indirect measurement of surface 
topography. However, the feedback mechanism in STM depends on the tunneling 




conductive by nature or when coated with a thin conductive layer. Scientists have 
subsequently invented the AFM, in which the feedback mechanism was modified to 
allow for high resolution substrate topography detection for non-conductive samples.  
 
In AFM, a laser beam is reflected by the back of the cantilever of the AFM probe 
and is then projected onto a mirror. The beam will then be directed to four 
photodiodes arranged within four quadrants. When the probe encounters a variant 
surface force, the cantilever will bend and the laser signal projected on the 
assembled photodiodes will then indicates the extent of the cantilever deflections 


























Figure 2.1 Schematic Illustration of AFM Feedback Loop. A laser beam is reflected by the back of a 
cantilever and a mirror to a quadrant assembly of photodiodes. The interactions between the substrate 
surface and AFM probe will lead to a deflection of the cantilever. The deflection is held constant 
through a feedback circuit, which controls a 3-dimensional motion of the piezoelectric scanner. In this 
way, the z-displacement and the surface topography will be recorded by a conversion from the 
cantilever deflection into an image form. 
 
Two basic mechanisms adopted for the imaging of the topography of substrates are 
the contact mode and the tapping mode.  
 
Contact Mode AFM 
In the contact mode AFM, the probe is in direct contact with the substrate and raster 
over the surface. By tracking the movement of the AFM tip, information on the 
topography of the sample can be obtained. This is done by converting the force 
signals into electric signals through the z-piezo in the scanner, hence providing the 




caused by a significant variance of surface which results in a sudden change in force. 
To prevent this, a reference cantilever deflection signal is used as a setpoint value to 
maintain a constant distance between the probe and surface. The z-piezo will adjust 
itself to maintain the preset deflection signal and a corrective voltage will be 
recorded as an indirect measurement of surface topography.  
 
Tapping Mode AFM 
The tapping mode AFM is different from the contact mode AFM in that the probe is 
not in direct contact with the substrate surface. The cantilever will be pumped at its 
resonant frequency and the amplitude of oscillation will be changed by the 
interactions between the probe and the surface. The deflection signal is represented 
by the root-mean-square (RMS) amplitude (RMS amplitude is an AC signal which is 
influenced by the drive amplitude parameter when the tip is at resonance). If the 
force becomes large, the oscillation will be damped and this will influence the RMS 
amplitude. As a result, the RMS amplitude which is maintained by a corrective 
voltage applied to the z-piezo tube is used as a probe. However, when the tapping 
mode AFM is used for delicate and fragile samples, it may result in contamination of 
the probe if the interaction between the tip and the surface is stronger than the 







2.3 Veeco Multimode AFM 
All the experiments described in this thesis have been carried out on the Veeco 
multimode AFM.   
 
2.3.1 Design of the Veeco Multimode AFM 
The Veeco multimode AFM consists of a number of components: a controller, a head, 












Figure 2.2 Components of a Veeco Multimode IIIA AFM 
 
On the base panel of the microscope, there are three readouts of photodiode signal 




of the base is connected to the base with a motor. Different types of scanners (“A”, 
“E” and “J”) are designed for different scan-sizes and resolution requirements. 
Within the scanner, there is a piezo tube which connects to the feedback loop and 
extends out to the top surface of the scanner, offering a platform for sample. The 
sample can be attached to a magnetic pad which is then stuck to the top of the pizeo 
tube. The head is connected to the scanner with two springs. A laser beam, a 
photodiode detector, and a mirror are all set within the head as shown in Figure 2.3. 
The tip-holder is able to slide between the head and the sample and can be fixed by 
two screws. Hence the probe is directly above the sample surface and the piezo tube. 
The space between the sample and probe has to be adjusted with the motor 
connected to the base till it is small enough for the tip to feel the interaction with the 
sample surface.  
 
Before scanning is started, the laser beam must be focused at the end of the 
cantilever and brought into the proximity of the sample surface. With the help of the 
optical microscope system, the laser’s position can be adjusted with two knobs on 
the head while observing the cantilever from a monitor. If the laser is centered at the 
end of the cantilever, the laser signal on the monitor will split into an “X”; if the 
laser is not centered, one leg of the “X” will be longer than the other three. When a 
symmetrical “X” signal has been obtained on the base panel, the reading for the 
SUM signal will then be noted. This signal represents the sum of the signals on all 




to be projected onto the photodiode detector until the SUM signal is maximized. The 
other two readouts on the base panel are “VERT” and “HORZ”, representing the 
vertical and horizontal differences of signals respectively from the photodiode 
detector. For the contact mode AFM, the detector is adjusted to make the “horizontal 
difference” voltage around 0.0 V while the “vertical difference” voltage is set at a 
negative value. This means the laser spot is centered at the horizontal direction on 
the photodiodes detector, but a little below the center in the vertical direction to 
place the probe in contact with the sample surface during the scan.  
 








Figure 2.3 Head Structure and Photodiode Detector Signal Adjustment Principles. In the head 
structure, 1 is the laser source, 2 is the mirror, 3 is the probe holder with a probe chip, 4 is the tilt 
mirror which can adjust the laser beam to photodiode detector, and 5 is the four-quadrant photodiode 







. When both the “HORZ” and “VERT” 






2.3.2 Software and Force Calibration 
To begin the measurement, the correct microscope mode and scanner type must be 
chosen under both menu from the software interface and the AFM base. The probe 
will be brought to the sample by use of the “engage” button in the NanoScope v5.13r 
software. A deflection setpoint value which is set to be larger than the “VERT” 
signal on the base panel will be used as a default. During the tip engagement, the 
“VERT” signal will increase until it reaches the setpoint value. At this point, the 
AFM probe will start to raster on the surface according to the set parameters.  
 
After the probe has been engaged successfully, the force on the cantilever must be 
calibrated. In the force calibration window, a force-distance curve will be generated 
as shown in Figure 2.4. Adjustments may need to be made to the “Z-scan scale” and 
“Z-scan start” values in order to see the entire curve. The instrument will retard the 
sample a little to free the cantilever. Then the sample will be brought upward to the 
probe and downward till they are separated again. As shown in the force curve 
(Figure 2.5), the probe and sample are far away in the flat-line region at this juncture, 
and they will begin to feel the interaction between each other in the sloping region of 
the curve. The slope of the line gives the deflection sensitivity (S) which can be 
obtained from the deflection and photodiode signal in nm/V. The offset deflection V0 
is determined when clicking on “setpoint 0” to represent the true zero-point 
deflection. When the deflection of the cantilever is assumed to be the same as the 









                             (2.1) 
 
where V is the setpoint value; V0 is the true zero-point deflection; P is the load to be 
applied; S is the deflection sensitivity; and k is the spring constant of the cantilever. 



















Figure 2.4 An Example of a Force Calibration Plot and Schematic Explanation of Applied Load 
Decision. When the z-piezo tube draws the sample to probe, the interaction between surface and probe 
are as follows: at (A) the deflection signal remains constant which means no interactions between the 
surface and probe; at (B) the probe is in contact with the surface and the cantilever deflection signal 
starts to increase; at (C) the z-piezo goes on extending towards the probe and the cantilever deflects 
more. When the deflection signal reaches the preset setpoint, and the z-piezo tube starts to retract; the 
interaction between surface and probe changes as follows: at (D) the surface is still adhered to the 
probe and is going away till at (E), the z-piezo tube further retracts the sample and leaves the probe; at 
(F) the surface is far away from the probe and there is no interaction between it and the probe. S and V0 
can be determined by calculating the slope of the curve and measuring the distance between the flat 
part and setpoint zero. With Equation (2.1) and these parameters, the load applied can be changed by 





In this project, during the conductance measurement, the tip was kept at a fixed 
position. Both the “HORZ” and “VERT” values were adjusted to zero before the 
engagement. The load was applied through a change of setpoint value after the zero 
point deflection and deflection sensitivity were calibrated. The deflection sensitivity 
(S) measured in our experiment is around 125 nm/V and the spring constant of the 
cantilever of probe is 0.2 N/m; thus the calculated setpoint value for a 2 nN load is 
0.08 V.  
 
2.3.3 Conducting Probe AFM 
The conducting probe AFM is an extended application module of the contact mode 
AFM. It requires the probe, cantilever, and substrate to be all conductive. The 
current range is from 10 pA to 1 µA with a lateral resolution of a few nanometers. 
The feedback circuits of the conducting probe AFM and the connection between 
sample and the internal circuits are shown in Figure 2.5 (a), while the physical 
connection of the probe and internal circuits through a universal connector is shown 


























Figure 2.5 Schematic Representation of Circuits of Conducting Probe AFM (a) set-up of conducting 
probe AFM and (b) the connection between the probe and internal circuits. Sample chuck is connected 
to a DC bias power and a whole circuit loop is realized by connecting the conducting probe through a 
universal connector.  
 
2.4 Formation of Self-Assembled Monolayers  




made use of Au-S bonds. The solution concentration of desired molecules varied 
from 0.1 to 0.5 mM.  
 
2.4.1 Preparation of SAMs 
In the self-assembly process, gold substrates were immersed in the solution of 
desired molecules for 20 to 30 hours. (For short chain alkanethiols, the substrate was 
incubated in the solution for 20 hours, in the case of long chain alkanethiols and 
complex molecules, the substrate was incubated for a longer time.) A rinse procedure 
with solvent and DI water was necessary to remove the physically adsorbed 
molecules and possible contaminants. If such molecules were of low solubility in the 
solvent, the rinse procedure should be repeated with sonication.   
 
2.4.2 Characterization Methods for SAMs 
Highly sensitive tools were employed to characterize the formation of upright and 
densely packed SAMs.  
 
Quartz Crystal Microbalance (QCM) 
The quartz crystal microbalance is traditionally used in vacuum deposition system [2] 
and was further extended to solution experiments to control the deposition process in 
1980 [3, 4]. When combined to an electrochemistry workstation, it can be used for 
the study of electrocrystallization, electrodeposition, underpotential deposition, 




electropolymerization [5].  
 
The working principle of the QCM is based on the piezoelectric property of quartz 
crystal. When an alternating voltage is applied to the quartz crystal, oscillation will 
be induced. With an alternating voltage between the electrodes of a properly cut 
quartz crystal (Figure 2.7), a standing shear wave is generated. 
 





                  (a)                         (b) 
Figure 2.7 Schematic Representation of Quartz Crystal (a) an AT-cut quartz crystal and (b) a typical 
piezoelectric crystal disk with gold electrodes.  
 
The Q factor, which is the ratio of frequency and bandwidth, can be as high as 106 
for AT-cut quartz crystal. The term “AT-cut” means the crystal has been prepared by 
slicing a quartz wafer at an angle of around 35 ° to the optical z-axis (see Figure 2.7 
(a)) and this offers an extremely stable frequency of a Δf/f0 ≈10–8. It allows a 
detection of very small mass changes on the quartz surface. The narrow resonance 
range leads to highly stable oscillators and a high accuracy in the determination of 
the resonance frequency. The oscillation frequency of the quartz crystal is partially 




thickness correlates directly to a change in frequency while all the other influencing 
variables remain constant. When a uniform layer of a foreign material is added to the 
surface of the quartz crystal, the thickness increases; consequently the frequency of 
oscillation decreases from the initial value. With some simplifying assumptions, this 
frequency change can be quantified and correlated precisely to the mass change 
using Sauerbrey's Equation [6] and further simplified into Equation 2.2., where Δm 
is the mass increase; Δf is the frequency decrease; “A” is the covered area; “ρ” is the 
density of the quartz; “l” is the thickness of the quartz; and f0 is the resonance 
frequency.  
 
                                   (2.2) 
 
The crystal used in this project is a “10 MHz AT-cut” crystal with a diameter of 1 mm. 
A “Δf ” of 1 Hz corresponds to a “Δm/A” of 4.4 ng/cm2. The quartz crystal was first 
cleaned by immersing in a piranha solution [7] (a 3:1 mixture by volume: 35% 
hydrogen peroxide and 98% concentrated sulphuric acid; this is a highly corrosive 
solution and must be handled with extreme care) to remove any possible organic 
contaminants on the surface, followed by rinsing with DI water for several times and 
blown dry with nitrogen before being inserted into the Teflon reactor. The reactor was 
filled with a calculated amount of appropriate solvent and after ensuring that the 
frequency change (Δf) vibration is less than 1 Hz , the desired molecule (which is a 








solvent. The frequency change versus time was then recorded with the GPES program 
provided by the AutoLab Electrochem workstation. 
 
Spectroscopic Ellipsometry 
Spectroscopic ellipsometry is a highly sensitive method for the determination of the 
physical structure and optical properties of both inorganic and organic thin films. 
Single-wavelength ellipsometry has been applied extensively over the years to 
determine the thickness of organic and biological films, particularly for organized 
monolayers [8, 9]. It measures a change in polarization when a polarized, 
monochromatic beam of light reflects or transmits from some material. This 
polarization-change is represented as an amplitude ratio, Ψ, and a phase difference, Δ. 







Figure 2.7 Schematic Representation of the Spectroscopic Ellipsometric Set-up. It often consists of a 
light source, collimator, polarizer, compensator, sample, analyzer, and detector.  
 
In this project, ellipsometric measurement was performed with a HS-190 




source (monochromater 500 nm). The polarization angles (ψ and Δ) were measured 
for both bare gold substrates and SAMs on gold surface over wavelengths ranging 
from 300 to 800 nm at a fixed angle of 65 o or 75 o from the surface normal. The 
instrument was calibrated with a silicon wafer covered with an inherent oxide layer. 
The optical constants n and k (being the index of refraction and extinction coefficient 
respectively) were calculated for each individual gold substrate using the software to 
convert the ψ and Δ values assuming the gold substrate as a bulk solid (i.e. with 
infinite thickness). After the SAM deposition, the polarization measurements were 
repeated with each sample under the same conditions when the bare gold substrate 
measurement was taken. The thickness of the thin film can be calculated with 
different models and by assuming that the film is homogeneous and isotropic. 
 
However, techniques of this nature are very model dependent. In this project, 
different material models were chosen for different SAMs. The reflection constant 
varied from 1.4 to 1.7 depending on the used thin-film material. If the simulated 
spectrum is greatly deviated from the experimental curves, a larger scan angle range 
was tried in order to find the most sensitive angle for measurement and simulation. 
Oriented molecular monolayers are optically anisotropic. Neglecting this effect was 
shown to lead to an error value for non-absorbing films [10]. In cases where the 
situation is not clear, possible anisotropic effects can be identified by modeling 
spectra collected for a range of incidence angles. On the other hand, in the case of 




probably absorb lights in some region from 300 to 800 nm and hence the technique 
cannot be used. 
 
Water Contact Angle Measurement 
Important fundamental principles governing wetting had been established in the early 
19th century by Thomas Young [11]. For instance, the contact angle has been defined 
to be the angle between water meniscus and substrate surface which reflect the 
wetting properties of surfaces. If the contact angle is 180 °, the surface is called super 
hydrophobic; conversely, if the contact angle is 0 °, the surface is called super 
hydrophilic. While information from ellipsometry depends on every single spot 
chosen on one sample, water contact angle is able to provide a macroscopic picture 
about the surface properties. This method is simple and convenient for a rough 
determination of functional groups at the end of the molecular wire on the surface and 














In this project, water contact angles were measured on a VCA optima system (AST 
Products. Inc. Billerica, MA) and the set-up of this system is shown in Figure 2.8. 
The platform for substrates was adjusted to be horizontal and a droplet of 2 µL DI 
water generated by a NANOpure system (Barnstead, Dubuque, IA) was injected onto 
the sample surface from a syringe. An image of the static water droplet was recorded 
by a digital camera and analyzed with the AST software. Contact angle was 
determined by measurements made on five spots on the contour of the droplet. At 




In order to examine the coverage and defects of SAMs, Fe(CN)63- which can be 
reduced on gold surface was used as a probe to detect the thin film defects. This 
method has been proved to be highly sensitive [12]. Fe(CN)63- represents a 
convenient and electrochemically reversible, one-electron redox couple with gold 
surface. The formal reduction potential for Fe(CN)63- is around 0.29 V v.s. Ag/AgCl 
(saturated KCl). When the SAM separates the electron donor (gold substrate) and 
electron acceptor (Fe(CN)63-), the current of heterogeneous electron transfer will be 
strongly decreased. 
 




Potentiostat/Galvanostat. A traditional three-electrode cell was used with a gold disk 
electrode as the working electrode, a platinum wire as the counter electrode, and an 
Ag/AgCl (saturated KCl) as the reference electrode. The current-potential response 
for the bare gold disk electrode (diameter is 0.3 cm) in aqueous solution with 1 mM 
K3[Fe(CN)6] and 0.1 M KCl was scanned using the cyclic voltammatry method at a 
sweep rate of 100 mV/s between -0.2 V to 0.6 V. Figure 2.10 shows the cyclic 
voltammogram with a bare gold electrode as the working electrode (Figure 2.9). The 
separation between the cathodic and anodic peak currents is around 60 mV which 











Figure 2.9 Cyclic Voltammetric Current Response v.s Applied Potential for Bare Gold. The solution is 
1 mM K3[Fe(CN)6] and 0.1 M KCl. The sweep rate is 100 mV/s. The potential is measured against the 
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The flatness of the metal substrate is important in the study of molecular 
conductance by the method of wiring them between the metal substrate and the 
conducting probe AFM tip. This is because the basic assumption behind this method 
is that the number of molecules involved in the temporary molecular junction 
(constructed by placing the AFM tip on SAM) is the same. With this assumption, 
two conditions must be fulfilled. Firstly, the probe-molecule contact area must be the 
same, which implies that there is no “wearing-out” of the conductive coating layer 
on the AFM tip and meanwhile the forces between the tip and molecules are kept 
constant. Secondly, because of the tiny size of molecules, the substrate is required to 
be flat enough to avoid trapping molecules inside its defects. Otherwise, the 
molecules assembled in the defective area may not be sampled by the AFM tip. The 
AFM tip touching the surrounding protruding metal atoms instead of the desired 
molecules on the smooth surface may even cause parallel tunneling current between 
the tip and substrate or even shorting across the junction. 
 
Amongst the metals used in molecular conductance measurement by conducting 




to its chemical stability and good conductivity. Gold can be fabricated into single 
crystal surfaces which constitute well-defined structures and provide choices of 
different crystallographic orientations. Among these orientations, gold (111) surface 
is often used for the study of self-assembly behavior of thiol terminated molecules 
[1-6], because it can be easily fabricated by using sputtering or thermal evaporation 
method. Platinum is another choice of electrode material, but it is not used as 
commonly as gold due to its high price and the difficulties for molecules to assemble 
on it. 
 
3.2 Fabrication of Metal Substrates 
Two methods are commonly used for the preparation of substrates. One is the 
traditional deposition method where a good control of the annealing condition is 
critical for the production of atomically flat metal surfaces. The other one is the 
template-stripping method in which some flat surfaces are adopted as the template to 
produce surfaces of similar flatness. However, in this latter method, epoxy adhesive 
is used which can dissolve in some organic solvents during the preparation of SAMs. 
In that case, the sample may be contaminated. 
 
Traditional Deposition Method 
In the preparation of gold substrate for molecule assembly via the traditional 
deposition method, gold particles were sputtered onto a silicon wafer with titanium 




gold film was determined by ellipsometric measurement to be around 60 nm. For our 




Template-stripping method was initially developed by Blackstock et al [7]. Two 
templates were examined here.  
 
a. Silicon Wafer Template  
To prepare the template, a silicon (100) wafer was cleaned in piranha solution (a 3:1 
volume mixture: 35% hydrogen peroxide and 98% concentrated sulphuric acid) for 15 
minutes to remove possible organic contaminants on the surface. This cleaning 
process also slightly increased the thickness of the silicon oxide layer above the 
silicon wafer to prevent the formation of metal-silicon bond in the fabrication process. 
The silicon wafer was then rinsed with DI water and dried under pure nitrogen. A 
total thickness of 500 nm gold was deposited on Si/SiOx surface to ensure a full 
coverage by using a thermal evaporator or electron beam system (Univex 300 E-beam 
Evaporator). Different deposition rates were investigated for the purpose of 
optimization (e.g. a rate of 30 nm/min provided by thermal evaporation or 5 to 6 
nm/min provided by electron beam evaporator). After the deposition, small square 
silicon plates (1 cm x 1 cm) were stuck to the surface of deposited gold film with 




Epoxy Technologies, MA). The sample was then cured at 150 0C for 2 hours. A sharp 
razor blade was applied to the edge of the small square silicon plate to split the gold 
film and the silicon wafer. The small silicon plates with gold films were subsequently 
lifted with a tweezer from the primary silicon wafer. For the platinum substrate 
fabrication, all the procedures are the same except the deposition was carried out 










Figure 3.1 Schematic Representation of Sputtering System adopted for Depositing Gold/Platinum 
Thin Film 
 
In order to further optimize the flatness by crystal reconstruction, the wafer-metal 
samples were subsequently annealed at 210 0C after being cured at 150 0C. However, 
the annealing process caused difficulties in the following stripping procedures. This is 
because the binding between silicon and metal film becomes stronger than that 




annealing process is done after stripping with a high-temperature hydrogen flame, a 
wrinkled gold surface will result as the high temperature will partially melt the epoxy 
below the thin gold film and stress the gold film. This observation is not seen in the 
case of platinum, but a darkening of the surface is seen probably due to platinum 
oxide formation.   
 
b. Mica Template  
Mica was also examined as a template since it could offer an extremely flat surface. 
The root-mean-square (RMS) roughness of freshly peeled mica surface is less than 
0.1 nm. However, because of its incompact layer structure, mica could not be 
stripped completely from gold or platinum film with a razor blade. Mica layer 
residues which were transparent and insulating have a tendency to remain stuck to 
the metal surface. Although these residues can be removed layer by layer using 
adhesive tape, the partially exposed metal film may then be contaminated during the 
removal process.  
 
3.3 Methods for Characterization of Metal Substrates 
3.3.1 X-ray Diffraction Characterization of Substrates  
The orientation of the metal surface will strongly affect the self-assembly behaviors 
of molecules. It is important to define the crystal orientation of these fabricated 
substrates [8]. The X-ray diffraction (XRD) patterns (Figure 3.2) of the traditional 




demonstrated that they all had a (111) orientation, while (111) is more dominant in the 
gold film than the platinum film. 
 
The peak at 70 ° appearing in XRD patterns of template-stripped gold and platinum 
substrate as well as Au/Ti/Si substrate is attributable to the Si/SiOx substrate. The 
observation of this peak implies that X-ray is able to penetrate through the metal film 
and epoxy or titanium layer to reach the Si/SiOx substrate. The intensity of the peak 
at 70 ° for Au/Ti/Si substrates is much stronger than that of template-stripped gold 
substrate due to the thinner gold layer on Au/Ti/Si substrate prepared by traditional 
deposition method. For template-stripped gold and platinum substrates, a series of 
peaks from 30 ° to 35 ° was also observed, which can be assigned to silicon (200) 



































Figure 3.2 X-ray Diffraction Patterns of Fabricated Substrates (a) template-stripped (TS) gold; 





3.3.2 Tapping Mode AFM Characterization of Substrates 
The tapping mode AFM was adopted to characterize the flatness and crystallite size 
of the fabricated substrates. The AFM topographies of Au/Ti/Si and 








































Figure 3.3 Flat and Top View of the Tapping-mode AFM Images of Fabricated Substrates in 1 μm x 1 
μm Area for (a) Au/Ti/Si substrate, RMS roughness is 0.525 nm, (b) template-stripped gold substrate, 
with silicon wafer as the template, RMS roughness is 0.468 nm, (c) template-stripped platinum 
substrate, with silicon wafer as the template, RMS roughness is 0.199 nm, (d) template-stripped 







As shown in Figure 3.3 (a) and (b), Au/Ti/Si surface fabricated by traditional 
deposition method without further annealing process has many sharp features. These 
sharp features are eliminated in the topography of template-stripped gold surface. The 
elimination of the sharp features indicates that the template-stripping method is able to 
improve the flatness of gold surface. Besides, Figures 3.3 (b) and (c) clearly 
demonstrate that with the same template surface, the template-stripped platinum 
surface is much flatter than the template-stripped gold surface. The RMS roughness of 
the 1 μm x 1 μm platinum film (0.199 nm) is less than half of the RMS roughness of 
gold film (0.468 nm). It is understandable that gold is softer than platinum, therefore, 
the gold film is more inclined to be distorted than the platinum film by the stress 
generated from the stripping procedures.  
 
Comparing Figure 3.3 (a), (b) and (c), it can be seen that the crystallite diameter of 
the Au/Ti/Si surface is around 35 nm, while that of the template-stripped platinum 
surface is around 20 nm. The crystallite diameter was determined by measuring the 
diameter of several grains on the AFM topography and the average value was taken. 
The size of template-stripped gold crystallites is difficult to measure as the gold 
surface is highly uneven due to the stripping process. A decrease in the deposition rate 
for gold substrate fabrication did not result in an obvious difference in the roughness 
or crystallite size, which implies that in template-stripping method, the template is 





3.3.3 Surface Wetting and Physical Aging Properties  
Water contact angle measurements were used to characterize the wetting and 
physical aging properties of template-stripped platinum and gold substrates. As 
shown in Figure 3.4, water contact angle on template-stripped platinum substrate 
increased rapidly within a very short period. When the platinum film was just 
stripped from silicon wafer, the contact angle was too small to measure. After a few 
minutes, the water contact angle increased up to near 40 ° and became stable at 55 °.  
Similar observations were made for template-stripped gold substrate (rapid increase 
up to 30 ° followed by a graduate increase over a few hours to around 70 °). A faster 
changing in the wetting properties was observed in the first few minutes for gold 
surfaces compared to platinum surfaces. The roughness of these films was 
characterized using the tapping-mode AFM. Results showed an increase in the 






















Figure 3.4 Water Contact Angle Measurement on Template-stripped Platinum Substrate verses Time.  
 
According to the observation above, fresh template-stripped gold and platinum films 
have a small contact angle similar to that of fresh as-deposited substrates (substrates 
with thermal evaporated gold/platinum thin film on silicon wafer) [7]. This suggests 
that the fresh template-stripped substrate is uncontaminated and can be used directly 
for molecular assembling. However, it is worth noting that the fast increasing value 
of water contact angle implies that the surface properties are also changing rapidly in 
a short period of time under ambient conditions. This phenomenon may be 
attributable to two reasons. Firstly, dust and organic contaminants can easily adsorb 
onto the gold and platinum surfaces under ambient conditions. This was supported by 
the results of QCM experiments done on gold surfaces. In such experiments, there is 




contaminants left the gold surface and are dispersed into the solvent until an 
equilibrium was reached at the solvent-quartz interface. Secondly, the increased 
contact angle as well as the increase in roughness observed through AFM could result 
from the reconstruction of the gold and platinum surfaces. Previous STM studies 
done by Shimoni et al [10] showed that the gold atoms of freshly prepared atomically 
flat gold (111) substrates are mobile enough to undergo almost continuous 
reconstruction at room temperature. In our experiment, AFM topographies showed 
that the increase of roughness for the gold films is more significant than the platinum 
films after several days, which can be explained by the higher mobility of gold atoms 
because the melting point of gold is only 1064 0C while that of platinum is 1768 0C. 
In this case, platinum has an advantage compared to gold in the use as electrode 
material for the measurement of molecular conductance, because interferential 
current may be caused by the migration of electrode surface atoms when the space 
between two electrodes is less than 2 nm. Unfortunately, in the alkanethiol 
self-assembly experiments, SAM structure on the template-stripped platinum film is 
not as dense as it is on the template-stripped gold film. This is probably because that 
the (111) orientation is not absolutely dominant in our template-stripped platinum 
surface. 
 
3.3.4 Characterization of the Conductivity of Template-stripped Metal 
Substrates 




with conducting probe AFM. Stable and straight current-voltage curves were 
obtained. It has been reported that the conductance of gold tip-graphite contact may 
increase when different loads were applied, because of the deformation of gold 
coated tip and subsequent increase in the tip-graphite contact area. [11]. In our 
experiments, the tip was coated with Pt/Ir conductive layer. When the tip contacted 
the template-stripped gold or platinum substrate, the current remained constant and 
stable under forces ranging from 2 to 96 nN. Figure 3.5 shows that a much higher 
conductance was observed between Pt/Ir coated tip and template-stripped gold or 
platinum substrate than the one between the gold coated tip and graphite substrate. 
The higher conductivity of the electrodes will reduce the charge transport barrier and 





























Figure 3.5 Typical Current-Voltage Curves of Pt/Ir Tip in contact with Template-stripped Substrates 
ramping from -300 mV to 300 mV (a) Template-stripped gold, and (b) template-stripped platinum 
surfaces under 2 nN.  
 
3.4 Conclusions  
In this chapter, the silicon (100) wafer with its oxidation layer was used as a 
template for the fabrication of atomically flat gold (111) and platinum (111) 
substrates. This method is proved to be highly reproducible and convenient. The 
roughness of these substrates can be well controlled within 0.5 nm. Contact angle 
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Chapter 4    
Charge Transport in Pt-Alkanethiol-Au Junctions 
 
4.1 Introduction 
Alkanethiols are known to be able to self-assemble into highly dense, 2D- crystalline 
monolayers on Au(111) surfaces. Such self-assembled monolayers exhibit relatively 
stable mechanical and electronic properties [1]. Thus, alkanethiols are widely used in 
metal-molecule-metal junction for understanding the charge transport mechanisms in 
molecular wire system and construction of molecular junctions [2-5]. However, 
substantial differences have been observed in conductance measurement results 
arising from experiments with different set-ups [2, 6-12]. Theoretical work on charge 
transport in metal-molecule-metal junctions indicated that the junction resistance and 
charge transport mechanism would be strongly affected by the properties of the 
metal-molecule contact [13-16]. The coupling effects between metal and molecule 
were investigated experimentally by changing electrode materials (Au [2, 3, 17], Ag 
[3], Hg [16], Si [16]) or using molecule modified electrode [10, 17].  
 
In this project, we intended to investigate how a change in electrode material will 
affect the contact resistance and the electron transport process in such junctions 
using SPM, where the electrode materials can be easily changed by replacement of 
the AFM probe. The junction that we have studied (Pt-alkanethiol-Au molecular 




monolayer assembled on gold substrate. Compared to gold, platinum atom is less 
inclined to migrate under ambient conditions or high bias, partially eliminating the 
interferential current [6, 18]. Meanwhile, a comprehensive study of alkanethiols 
under specific experimental conditions may serve as the reference for further studies 
on more complex molecules, especially the characterization of a single molecule by 
an insertion of this molecule into a less conductive alkanethiol SAM matrix [2, 19]. 
 
4.2 Theoretical Background 
A simple barrier-penetration model was proved to be able to apply for the charge 
transport process in saturated alkanethiol molecules between two metal electrodes [6, 
20]. In this model, the Fermi level (Ef) of metal electrode is considered to be within 
the HOMO-LUMO gap of the molecule, and the electron transport mechanism is 
expected to be coherent non-resonant tunneling. In a planar metal-insulator-metal 
junction, such a mechanism can be described by Equation 4.1 [21] which is derived 
from Simmon’s Equation. 
 
1/ 2 1/ 2
0{ exp[ ] ( ) exp[ ( ) ]}I I A s eV A eV sφ φ φ φ= − − + − +       (4.1) 
 
where I is the current; V is the applied voltage; s is the thickness of insulator; I0 is a 
constant; A equals to 2(2m)1/2(h/2п) in which m is the electron mass; and φ  is the 
mean height of the potential barrier associated with the insulator and related to the 





At low voltages, Equation 4.1 can be expressed as Equation 4.2 [21], where β is the 
tunneling attenuation factor and equals to Aφ 1/2. According to Equation 4.2, when I0 
and φ 1/2 are constant, the current is directly proportional to Vexp(-βs). In the case of 
insulating thin films, Equation 4.2 can be simplified into Equation 4.3, in which the 
current at low voltages can be taken as linear and the resistance can be represented in 
a contact resistance with an exponentially dependence on the thickness of SAM and 
β. 
 




4.3 Experimental Section 
4.3.1 Materials 
Pt/Ir coated contact mode conducting probe AFM probes were purchased from 
Photonitech Pte. Ltd. (Singapore). The spring constant of these probes is 0.2 N/m. A 
quartz crystal (10 MHz) coated with gold on both sides was purchased from ICM 
manufacture (U.S.) The diameter of the gold area is 0.5 mm. Alkanethiols were 
purchased from Sigma Aldrich. All solutions were made with absolute alcohol (A.R. 
grade) from Hayman Ltd.  
 
0 exp( )R R sβ=
1/ 2 1/ 2 1/ 2





4.3.2 Preparation of Self-Assembled Monolayers 
The desired alkanethiol molecules were prepared as 1 mM solutions in absolute 
alcohol. All solutions were degassed with nitrogen for 30 minutes prior to use. The 
template-stripped gold substrates were immersed in alkanethiol solutions and left for 
20 hours to allow for the formation of a highly dense monolayer. Each sample was 
rinsed with ethanol and DI water for several times and gently blown dry with 
nitrogen.  
 
The formation process of alkanethiol SAMs was monitored by the QCM. The AT-cut 
quartz crystal and the Teflon reactor were cleaned with piranha solution (a 3:1 by 
volume mixture of 35% hydrogen peroxide and 98% concentrated sulphuric acid; 
this is a highly corrosive solution and must be handled with extreme care), followed 
by rinsing with DI water before being blown dry with nitrogen. Ethanol which was 
used as the solvent was degassed with argon for 30 minutes in the Teflon reactor. 
After ensuring that the frequency change (Δf) is less than 1 Hz, an appropriate 
amount of thiols was injected into the solvent and the Δf readings were then recorded 
with the GPES software. The signal recording interval was set to be one second. The 
assembled monolayer on gold substrates was further characterized with water 
contact angle measurement and spectroscopic ellipsometry. 
   




Gold substrate with the thiol monolayer was stuck to a magnetic steel disk with 
conductive silver epoxy. The disk was then fixed on the top of the piezo tube of the 
AFM J-scanner. The Pt-alkanethiol-Au junction was formed by placing the 
conducting AFM tip on the alkanethiol monolayer. An applied load of 2 nN was held 
constant on the AFM tip through the standard contact mode AFM feedback circuits. 
Voltages were applied through the tip while the gold substrate was grounded. The 
linear current-voltage curves gained under small bias can be easily used to calculate 
the resistance of these molecules with the equation of R=V/I.  
 
4.4 Results and Discussion 
4.4.1 QCM Measurements 
The frequency reduction of 1-hexanethiol, 1-octanethiol, 1-dodecanethiol and 
1-octadecanethiol are determined to be 9.4, 13.5, 22.7 and 28.5 Hz respectively. The 
ratio of the frequency reduction is similar to the ratio of their molecular weights, 
which suggests that the average density of these molecules on gold surface is similar. 
Strong and Whitesides studied monolayers of docosanethiol using electron 
diffraction method [22] and the area per molecule is determined as ~21.4 Å2. In our 
experiment, the gold area of the quartz was 0.2 cm2. If all the gold sites on the quartz 
were reactive and densely packed SAMs are formed on the entire gold surface, the 
frequency reduction should be 40% higher than the observed values.  
 




as a probe to detect the active gold sites based on a one-electron reversible reaction.  
A fresh standard gold disk electrode was used as a reference. Figure 4.1 shows the 
cyclic voltammograms using the working electrode of a QCM quartz crystal with 
gold layer (QCM gold electrode) and a standard gold disk electrode respectively in 
aqueous solutions of 1 mM K3[Fe(CN)6] and 0.1 M KCl. The area ratio of the two 
electrodes is around 2.8:1 (QCM gold electrode: standard gold disk electrode) while 
the peak current ratio of QCM gold electrode to standard gold disk electrode is 2:1. 
This result suggested that 29% of the gold area on the quartz crystal is inactive and 













Figure 4.1 Cyclic Voltammograms of Aqueous Solution of 1mM K3[Fe(CN)6] and 0.1 M KCl 
between -0.2 V and +0.6 V (vs Ag/AgCl) at the Rate of 100 mV/s. Peak current of standard QCM 





On the other hand, for alkanethiols, 19 to 24 hours are required to form a complete 
densely packed monolayer on gold surfaces. However, experimentally, because of 
the relatively high room temperature, ethanol will slowly evaporate from the QCM 
Teflon reactor, which makes it difficult to keep the signal steady over a long period. 
Of the above two possibilities, it is believed that the contamination of the gold 
surface is the main reason for the smaller frequency change. 
 
From the experimental results, the assembly behaviors of short- and long-chain 
alkanethiols are different as well. For short chain alkanethiols, like 1-hexanethiol 
and 1-octanethiol, the adsorption process is extremely fast (around 50 seconds) and 
there is an obvious desorption process immediately after the fast adsorption process. 
This phenomenon can be attributed to their high solubility in ethanol and small 
molecular weights. These short-chain alkanethiols experience stronger 
solvent-molecule interactions and thus are not stable in the first few seconds on the 
gold surface. The site position and conformation of these assembled molecules will 
be adjusted slowly to give rise to a stable and dense SAM. Compared with 
1-hexanethiol and 1-octanethiol, 1-dodecanethiol and 1-octadecanethiol have a lower 
solubility in ethanol, which reduces the tendency of these molecules to be pulled out 
of the gold surface in the assembly process. For 1-octadecanethiol which is in solid 
state under room conditions, several minutes are required to dissolve it in ethanol. A 







4.4.2 Contact Angle Characterization of SAM Modified Gold Surfaces 
Water contact angle measurements were performed to characterize the surface 
properties of SAMs on gold substrates. The average water contact angle values of 
different alkanethiol SAMs are shown in Table 4.1 and summarized in Figure 4.2. 
These results show that the hydrophobicity of the monolayer increases with the 
length of the carbon chains.  
 
Modified Surface Left Angle (°) Right Angle (°) 
Au substrate 80.60 80.60 
1-hexanethiol (C6SH) 92.10 92.40 
1-octanethiol (C8SH) 96.20 96.40 
1-dodecanethiol (C12SH) 102.40 104.40 
1-octadecanethiol (C18SH) 109.30 107.30 





















Figure 4.2 Trend of Water Contact Angles of Alkanethiol on Au Substrate with Increasing Carbon 
Numbers. The hydrophobicities of the surface increase with the lengths of the alkane chains.  
 
4.4.3 Theoretical Estimation and Spectroscopic Ellipsometric 
Measurements of SAM Thickness 
The thickness of the molecular layer is not only an important parameter of the 
quality of monolayer, but will also affect the electron tunneling barrier. Figure 4.3 
shows the molecular conformation models in which the geometries of these 
molecules were optimized at the ground state and in an all-trans conformation using 
Spartan’02. The estimated molecular lengths and ellipsometric results are 
summarized in Table 4.2 and Figure 4.4. The interception of the linearly fitted 




bond in SAMs. This value is slightly smaller than the theoretical length of Au-S 
bond which is 2.36 Å [23], suggesting that there is an small angle with respect to the 
gold surface normal when alkanethiols assemble on Au(111) surface. The slope of 
the linear fitting indicates that the increment rate of the thickness of SAMs and 
molecular lengths are 1.09 Å /CH2 and 1.25 Å /CH2 respectively, from which the 
average angle of the alkanethiol molecules with respect to the gold surface normal is 
deduced to be 29.3 °. This angle value is consistent with the one observed via STM 
and FT-IR in literature [22] which indicates that these alkanethiols assembled on 










Figure 4.3 Molecular Geometry after Optimization by Spartan’02. The molecules were in the all-trans 













Table 4.2 Length Estimation by Spartan’02 and Ellipsometric Measurement. The SAM angle to surface 
normal was calculated with ellipsometric measurement values and the theoretical estimated length of 











Figure 4.4 Plot of Theoretical Estimation of Molecular Lengths in their all-trans Form and 
Ellipsometric Results of their Self-assembled Structure on Au Substrate. Y-axis interception of the 
ellipsometic measurement results gives the Au-S bond thickness in SAMs is 2.23 Å. The linear fit 
gives the length increment rate is 1.25 Å /CH2 for absolute molecular length (theoretical estimated) and 






Angle to Surface Normal 
(°) 
1-hexanethiol 7.737 7.79±0.637 39.5 
1-octanethiol 10.237 10.16±0.744 36.2 
1-dodecanethiol 15.237 15.45±0.751 28.6 




4.4.4 Conducting Probe AFM Measurements 
4.4.4.1 Topographies and Current Images of SAMs 
Figure 4.5 shows the real-time AFM topography and the current image of the 
1-octanethiol SAM on gold substrate. The height image (on the left) shows that the 
surface is very rough compared to the bare template-stripped gold substrate due to 
the formation of the SAM. The current image (on the right) shows that most parts of 
the surface are covered by 1-octanthiol molecules giving rise to a very weak current 
(30 to 40 pA). At some spots, there are sharp spikes of high current due to the defects 
of crystalline SAM. In these areas, the gold substrate was in direct contact with AFM 
tip which gives rise to a large current.  
 
 
Figure 4.5 Topography Images (400 nm x 400 nm) of 1-octanethiol SAM on Au Substrate. On the left 
is the height image, while the conducting probe AFM current image is on the right. Both are taken 
under contact mode. The current image was taken under a bias of 20 mV and the tip-SAM load was 
controlled at around 10 nN.  
 




ramping current-voltage curves, because a larger load was applied during the scans. A 
large load is critical here for obtaining a clear surface topography because the 
conducting probe AFM tip is not as sharp as the tapping mode AFM tip (normally 
made of silicon or silicon nitride). A strong interaction between sample and tip is 
required to avoid mechanical noise. However, because scans under large load could 
cause damage and contamination to the thin Pt/Ir coating layer on the tip, 
experimentally, the tip was engaged close to the surface to ramp current-voltage 
curves directly.  
 











Figure 4.6 Typical Current-Voltage Curves of Pt-(1-octanethiol)-Au Junction on Sample Surface. 
Ramp voltage is from -300 mV to 300 mV with an applied load of 2 nN. 30 curves were shown here 





Figure 4.6 shows 30 typical current-voltage curves measured by a Pt/Ir coated AFM 
tip in contact with 1-octanethiol SAM on gold substrates. For 1-hexanethiol, 
1-dodecanethiol, and 1-octadecanethiol SAMs, the current-voltage curves exhibit 
similar linear behaviors under a voltage ramp from -300 mV to 300 mV, but with 
different absolute values. 
 
4.4.4.3 Statistical Analysis of Resistance 
Because of the high sensitivity of instrument, current values obtained are influenced 
by tip quality, humidity, defects of SAM and hydrocarbon or water contamination of 
sample surfaces. In order to improve the accuracy, a large amount of data was 
collected on different spots of a sample using the same tip as well as on different 
samples. These resistance data was summarized in the form of histograms by 
frequency counting to determine the accurate resistance values for different 
alkanethiols. Figure 4.7 shows these histogram plots of 1-hexanethiol, 1-octanethiol, 
and 1-dodecanethiol molecular junctions.  
 
Extremely large resistance values (less than 1%) were excluded because they are the 
results of bad contact between tip and SAMs. In the frequency counting process, the 
step size of every count was controlled at 1/40 of the whole range of data sample. By 
zooming in on the histogram, the histogram plots of 1-hexanethiol and 
1-dodecanethiol showed several peak values and these peaks were fitted with the 




times) to the smallest peak value. This is likely to be due to the defects of the SAMs 
and the conductive coating layer on the AFM tip being very thin and easily worn out 
during the measurement. In such a situation, the numbers of molecules involved in 
each junction may vary. Therefore, the smallest resistance value has been chosen as 


















































































Figure 4.7 Histogram Plots of Molecular Resistance Values. (a) Pt/Ir-(1-hexanethiol)-Au, (b) 
Pt/Ir-(1-octanethiol)-Au, and (c) Pt/Ir-(1-dodecanethiol)-Au junctions measured by conducting probe 
AFM. More than one thousand current-voltage curves between -300 mV to 300 mV were ramped to 
provide a distribution. For 1-hexanethiol and 1-octanethiol, all samples and zoomed-in distributions 
were shown. The solid red and green lines are Gaussian fits.  
 
1-octadecanethiol SAM was also tested with conducting probe AFM, but the current 
values were too small unless the load was increased from 2 to 90 nN. Compared to 
the resistance of other alkanethiol molecules summarized in Figure 4.8, the 
resistance value of 1-octadecanethiol achieved under the load of 90 nN was found to 
be smaller than expected. This is because the insertion of the tip into the SAM leads 
to a decrease in the thickness of electron transport barrier between two electrodes, 

















Figure 4.8 Semilog Plot of Monolayer Junction Resistance versus SAM Thickness (number of carbons). 
The resistances for 1-hexanethiol, 1-octanethiol and 1-dodecanethiol were measured under 2 nN. The 
resistance value of 1-octadecanethiol was not used in linear fitting as it was gained under 90 nN. Each 
data point was the average value obtained from statistical analysis and Gaussian fitting. The 
uncertainty is quoted as the standard deviation. The linear fit gives a β of 0.54/CH2 and a contact 
resistance of 11500 Ω. 
 
The resistance values obtained from the histogram plots were used to determine the 
tunneling attenuation factor β according to Equation 4.3 and the value was 0.54/CH2. 
Meanwhile, the interception on the y-axis (which is hypothetically the situation where 
we have only one sulfur atom between the two electrodes) gave the value of the 





4.4.5 Effects of Electrode Material 
The Au-alkanethiol-Au junction has been quite extensively studied and a range of 
values from 0.57/CH2 to 1.1/CH2 has been reported for the tunneling attenuation 
factor β [4, 5, 17, 24]. A contact resistance value of 18500 Ω was obtained from the 
resistance of C8H18S, C9H20S, C10H22S [17]. According to literature data, the work 
function of gold is 5.3 eV and that of Pt is between 5.7 eV to 6.0 eV [25]. The work 
functions of both Pt and Au are generally considered to be somewhere between the 
HOMO-LUMO gap of alkanethiol molecule. For a mixed material junction (platinum 
and gold in our case), the average of the two work functions can be used as the 
effective work function for the contact (see Figure 4.9).  
 
The change in contact resistance when Au was replaced with Pt implies that a barrier 
for charge transport exists in metal-molecule interface. Detailed theoretical 
calculations are required for a precise understanding of the contact resistance 
dependence of the metal work function. The observation of a smaller contact 
resistance with an increased work function implies that the Fermi level lies closer to 
HOMO than LUMO, and the mechanism of charge transport in alkanethiol molecules 
is probably “hole tunneling” rather than “electron tunneling”. A decrease in the 
tunneling attenuation factor β implies a decrease in tunneling barrier. It can be seen 
from Figure 4.9 that the replacement of Au electrode with Pt electrode yields a 
smaller effective tunneling barrier for charge transport and thus a reduction in the 





















Figure 4.9 Tunneling Barrier Difference due to Different Electrode Work Function 
 
In addition, resistance data from the bad contact have been removed by using the 
histogram analysis. The data used for the determination of contact resistance and 




contact areas. In such instances, more molecules were involved in these contacts and 
provided a better connection between electrode and molecules. Smaller contact 
resistance and tunneling barrier can then be expected. 
 
4.5 Conclusions  
In this chapter, the conductance of self-assembled monolayer of CnH2n+2S (n=6, 8, 
12) was measured in a Pt-molecule-Au junction under a small voltage ramping from 
-300 to 300 mV. The resistance of each molecule was determined with a statistical 
analysis method. The contact resistance and tunneling attenuation factor were 
concluded from the resistance values of these alkanethiols according to the 
barrier-penetraion model for planar metal-insulator-metal junction [21]. Compared 
to the Au-alkanethiol-Au junction, the increased work function arising from the Pt 
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Chapter 5  
Studies on Self–Assembly Behavior and Electronic 




In recent decades, intense interest has been focused on π-conjugated oligomers 
because of their unique optical and electronic properties. Studies of these oligomeric 
systems can provide clues for understanding the charge transport mechanisms in 
conducting polymers. Some examples of common conjugated oligomers were shown 






Figure 5.1 Structures of Conjugated Oligomers 
 
In this project, our candidate molecules are dithiol-terminated Oligo(phenylene 
ethynylene) (OPE), OPE-NO2 and OPE-NH2. The structures of these molecular wires 
are shown in Figure 5.2. Their self-assembly behaviors on gold surface and the effect 











Figure 5.2 Chemical Structures of OPE, OPE-NO2 and OPE-NH2 Molecules  
 
Dithiol-terminated molecules are generally difficult to assemble into ideal 
monolayers on gold surface due to the high reactivity of the thiol groups. One of the 
two thiol groups will bind to the gold surface while the other tends to form S-S bond 
with surrounding thiol-terminated molecules to result in the formation of  
multilayers [1]. In addition, bulky functional groups on molecular wires may block 
the formation of densely packed SAMs. However, these substituent functional groups 
are sometimes necessary in order to tune the electronic properties of molecules. In 
our candidate molecules, the -NO2 group is known to be a strong 
electron-withdrawing group while the -NH2 group is a weak electron-donating group. 
These substituent groups are expected to affect the electron distribution along the 
molecule and change the energies of HOMO and LUMO levels and the 
HOMO-LUMO gap (HLG) of the OPE molecule. The negative differential resistance 




memory cells have previously been reported [2-4]. However, the mechanism behind 
this phenomenon is still unclear.  
 
5.2 Experimental Section 
5.2.1 Materials 
The OPE molecules were synthesized in collaboration with Hardy Chan et al 
according to the procedures published previously [5]. Pt/Ir coated contact-mode 
conducting AFM probes were purchased from Photonitech Pte. Ltd (Singapore). The 
spring constant of these probes is 0.2 N/m. The gold substrates were contributed by 
the Institute of Microelectronics, Singapore. Tetrahydrofuran (THF) was purchased 
from Fisher and distilled with sodium to remove any residual water. All solvents 
used were of A.R. grade and dried with 4 Å molecular sieves. Other chemicals were 
purchased from Aldrich and used without further purification.  
 
5.2.2 Theoretical Calculations 
The dipole moment and geometry optimization of studied oligomers were calculated 
with density functional theory (DFT) in which the electron correlations were 
considered. All the calculations were performed at the B3LYP level with the 6-31G 
(d) basis set and the Gaussian 03 program. The length of molecules was estimated by 
adopting a molecular conformation model in which the geometries of these 






5.2.3 Preparation of Self-Assembled Monolayer 
The oligo(phenylene ethynylene) molecules were originally prepared in the inert 
thiolacetyl form to protect the reactive thiol moieties on both ends. The protecting 
acetyl groups were removed from OPEs with base or acid at the beginning of the 
assembling process. Different solvents were used for the purpose of optimization. 
The deprotection process was monitored with a UV-Vis-NIR scanning 
spectrophotometer (UV-2450, Shimadzu.Co., Ltd. Japan).  
 
Base-Assisted Thiol Deprotection The thiolacetyl-terminated oligomer was 
dissolved in a suitable solvent (e.g. ethanol, THF, a mixture of ethanol/THF (4:1, 
v/v), or a mixture of acetone/MeOH (2:1, v/v)), to give a concentration of 0.5 mM. 
Meanwhile, oxygen was removed from the solution by purging with nitrogen for 30 
minutes. 5 μL of chilled concentrated NH4OH was added and the solution was then 
incubated for 15 to 30 minutes in the dark to deprotect the thiol moiety. It is worth 
noting that excess NH4OH will induce precipitation of oligomers. 
 
Acid-Assisted Thiol Deprotection The thiolacetyl-terminated oligomer was 
dissolved in a mixture of CH2Cl2/MeOH (2:1, v/v) to give a concentration of around 
0.5 mM. The solution was purged with nitrogen to remove oxygen and was kept 
under dark conditions. 60 μL of concentrated H2SO4 was added into the solution 





Dithiol molecules will assemble on gold surface after the thiol groups were 
deprotected. Two methods, chemical assembly and potential-assisted assembly, were 
examined in order to produce densely packed monolayers. 
 
Chemical Assembly The gold substrate was cleaned with piranha solution (a 3:1 by 
volume mixture of 35% hydrogen peroxide and 98% concentrated sulphuric acid; this 
is highly corrosive and must be handled with extreme care), rinsed with DI water and 
blown dry with nitrogen. The cleaned substrates were immersed in the solution of 
desired molecules for 24 hours in a tube (covered with alumina foil to avoid possible 
photo-oxidation) or a Teflon reactor.  
 
Potential-Assisted Assembly Potential-assisted assembly was carried out using a 
µAutolab TYPE II Potentiostat/Galvanostat combined with the EQCM system. A 
traditional three-electrode cell was used with QCM quartz crystal covered with gold 
on both sides as the working electrode, Pt wire as the counter electrode, and 
Ag/AgNO3 (10 mM AgNO3 and 0.1 M Bu4NBF4 in acetonitrile) as the reference 
electrode. Because the potential-assisted assembly was performed in a non-aqueous 
environment, the Ag/Ag+ reference electrode was fabricated in organic solvent. Ag+ 
is strongly solvated in acetonitrile; thus, appropriate amounts of AgNO3 and 
Bu4NBF4 (electrolyte) were dissolved in anhydrous acetonitrile and the solution was 




electrodes were immersed in the solution of desired molecules. The monolayer was 
deposited by applying a potential of 400 mV for 60 minutes. After the deposition, the 
sample was sonicated and rinsed with THF, CH2Cl2, ethanol and DI water, and 
blown dry with nitrogen. 
 
5.2.4 Characterization of Self-Assembled Monolayers 
The thickness of the SAMs was characterized with ellipsometric measurement. The 
ellipsometric data was obtained from a HS-190 Spectroscopic Ellipsometer (JA. 
Woollam. Co., Inc.) which was equipped with a xenon light source (monochromater 
500 nm). Light incident angles varied from 55° to 75° on the sample with scan 
wavelengths ranging from 400 to 800 nm. Three to four spots in different regions on 
each sample were measured, and then averaged. The refractive index chosen was 
from 1.45 to 1.7 for the simulation of film thickness. The coverage of SAMs was 
examined using cyclic voltammatry with Fe(CN)63- as a probe.  
 
5.2.5 Device Fabrication and Conductance Measurements  
Two types of molecular junctions, Pt-molecule-Au junction and gold 
microplate-molecule-gold junction, were constructed for the measurement of 
molecular conductance. 
 
Pt-molecule-Au Junction This molecular junction was constructed by wiring the 




was applied to produce the current-voltage curve. During the experiment, a small 
voltage ramp from -300 to 300 mV was applied at the beginning and gradually 
increased to ±500, ±1000 and ±2000 mV.  
 
Gold Microplate-Molecule-Gold Junction In this method, a second contact was 
made by the deposition of a gold microplate onto SAM through the formation of 
S-Au bonds. The gold substrate with SAM of oligomers was immersed in aqueous 
dispersion of gold microplate and incubated for 10 hours. Sonication was applied 
once per hour to promote the formation of S-Au bond between the free thiol group of 
oligomers and the gold microplate. The sample was rinsed with DI water and ethanol 
for several times, and dried under nitrogen.  
 
The gold substrate was then stuck to a stainless steel AFM pad with conductive 
silver epoxy. The topography of the gold microplate was characterized with 
contact-mode AFM. The conductance of such molecular junction was measured 
using conducting probe AFM. It should be noted that, during the voltage ramping, 
the conducting AFM tip should be engaged at the center of these microplates so as to 








5.3 Results and Discussion   
5.3.1 UV-Vis Spectral Study of Deprotection Process 
The deprotection of thiolacetyl-terminated OPE, OPE-NO2 and OPE-NH2 was 
studied using UV-Vis spectroscopy. It can be seen from Figure 5.3 that there are three 
absorbance peaks during the deprotection process. With the increase of wavelength, 
the first peak is observed at around 325 nm for OPE and OPE-NO2, and at 315 nm 
for OPE-NH2. This is followed by the second peak appearing at 355 nm for OPE, and 
at 375 nm for OPE-NO2 and OPE-NH2. In addition, a very broad peak in the visible 
region around 400 nm appeared at the beginning of the deprotection process. 
However, this peak becomes very weak and difficult to be distinguished from the 



































Figure 5.3 Time-Resolution UV-Vis Spectra of (a) OPE, (b) OPE-NO2 and (c) OPE-NH2 in THF 
Solution with NH4OH as Deprotection Reagent. 
 




added into the sample cell at 0 minute. With the increase of reaction time, the 
intensity of the first peak decreased continuously while the intensity of the second 
peak increased and reached the highest point in 15 minutes. The increasing second 
peak could be attributed to the final products because the peak still exists after 24 
hours. The third peak at around 400 nm is possibly due to some intermediate product 
as it is not seen in the UV-Vis spectrum of both the starting and final products. Based 
on these UV-Vis spectra, the base-assisted deprotection would require an incubation 
time of around 15 to 30 minutes.  
 









Figure 5.4 Conformation of OPE, OPE-NO2, and OPE-NH2 Molecules Determined from Spartan’02. 
The calculations done are based on mechanics optimization and the minimum energy extended 
conformations. The black balls represent carbon atoms, grey balls represent hydrogen atoms, green 
balls represent sulfur atoms, purple balls represent nitrogen atoms, and red balls represent oxygen 
atoms. The OPE-NO2 and OPE-NH2 backbones were slightly bent because of the bulky functional 
groups.  
 




with Spartan’02. The molecular length was calculated based on mechanics optimization, 
and the minimum energy extended conformation. The distance of Au-S was calculated as 
2.36Å [1] when Au-S-C bond angles were assumed to be linear.  
 
Table 5.1 Results of Chemical-Assisted Assembly of Conjugated Thiolacetylated Oligomers on Gold 












OPE THF NH4OH 24 22.53 26.58±1.93 63.8 









H2SO4 24 22.53 33.84±2.05 71.6 
 Ethanol － － － － － 
OPE-NO2 THF NH4OH 24 22.54 32.03±1.90 52.0 









H2SO4 24 22.54 39.72±2.00 44.8 
 Ethanol － － － － － 
OPE-NH2 THF NH4OH 24 22.56 28.87±1.62 51.3 









H2SO4 24 22.56 40.70±2.33 62.6 




In Table 5.1, the theoretical molecular length and experimental ellipsometric 
measuments of SAM thickness were summarized. When the ellipsometric value is 
close to or slightly smaller than the theoretical molecular length, the molecular layer 
is considered as a monolayer. Based on this assumption, OPE and OPE-NO2 
molecules have assembled into monolayers in a mixture of THF and ethanol, while 
OPE-NH2 formed an ideal monolayer structure in a mixture of acetone and MeOH. 
However, as shown in Table 5.1, the main self-assembly product of dithiol terminated 










Figure 5.5 Relationship between Solvent Dipole and SAM Thickness of Oligomers. The dipoles of 








In order to study the impact of solvent on the self-assembly behavior of these three 
molecules, the relationship of the SAM thickness versus the dipole of solvents was 
plotted in Figure 5.5. It can be seen that OPE and OPE-NO2 assembled as monolayer 
in a solvent of small dipole, while OPE-NH2 assembled as monolayer in a solvent of 
large dipole. The dipole of solvents probably influenced the self-assembly behavior in 
two ways. The dipole of the solvent can affect both the solubility of the molecules and 
the reactivity of the thiol groups.    
 
As a general guide, molecules will have a larger solubility in a solvent of a similar 
dipole. The theoretical dipole moments of OPE, OPE-NO2 and OPE-NH2 are 0, 4.29 
and 1.62 Debye respectively, which are smaller than the dipole value of any solvent 
used in this experiment. Therefore, with the increasing dipole of solvents, the 
solubility of these three molecules should have all decreased. If the solubility is the 
key factor in SAM formation, the SAM thickness should follow the same trend for 
these three molecules with the increasing solvent dipole. However, there is no such 
common trend observed in Figure 5.5. Hence, the solubility of molecules is not the 
key factor in the SAMs formation. 
 
On the other hand, the dipole of solvent will affect the electron density distribution 
in molecules. The change in electron distribution along the molecules will influence 
the reactivity of thiol groups. When the thiol group is not active enough to form S-S 




OPE-NO2 and OPE-NH2 have an asymmetric molecular structure, the thiol groups 
on the two ends are of different inherent reactivity. A slight change in electron 
distribution may affect the reactivity of thiol groups on OPE-NO2 and OPE-NH2 
more significantly than those on OPE. The sensitivity difference is presented by the 
larger variation range of the thickness of molecular layers of OPE-NO2 and 
OPE-NH2 compared to that of OPE molecule in Figure 5.5. Thus, the solvent 
probably influenced the assembly behaviors through its effects on the reactivity of 
the thiol groups. 
  
In order to probe the coverage of these monolayers of oligomers on the substrate, 
chemical- and potential-assisted assembly were performed on QCM quartz crystal 
(with gold deposited on quartz surface)，followed by cyclic voltammetry (CV) being 
carried out using the QCM quartz crystal with SAMs as the working electrode. 
  
The reduction in the height of the redox peak would allow us to estimate the 
percentage of gold area covered by oligomer molecules. The C.V. and coverage 
calculation results have been summarized in Figure 5.6 and Table 5.2 respectively. It 
can be seen that SAMs assembled via the chemical method exhibit 80% to 95% 
coverage of the gold active sites. However, for SAMs assembled with 
potential-assisted method, the redox peaks almost disappeared, suggesting that the 
molecular layer has completely blocked Fe(CN)63- from approaching the gold 




assembly had given rise to the formation of multilayers with a thickness of more 











Figure 5.6 Cyclic Voltammograms in Aqueous Solution with 1mM K3[Fe(CN)6] and 0.1M KCl 























Table 5.2 Chemical- and Potential-Assisted Self-Assembly of Conjugated Thiolacetylated Oligomers 
on QCM Gold Crystal Quartz 
 
5.3.3 Junction Formation and Electronic Properties Characterization 
5.3.3.1 Conductance Measurements of OPE and its derivatives with 
Pt-molecule-Au molecular junction 
Figure 5.8 shows the topography of OPE SAM on gold substrate, the simultaneous 
current image, and the I-V curves of OPE, OPE-NO2 and OPE-NH2 molecular 
junctions. The ramping voltage is from -1 to 1 V. During the measurement, all I-V 
curves were obtained with a stable deflection signal.  
 
 
 Molecule Solvent Deprotection Reagent 
Time 
(hr) 






OPE  THF/Ethanol(1:4) NH4OH 24 94.8 
OPE-NO2 THF/Ethanol(1:4)
 




    
   NH4OH 24 82.7 





  OPE  THF 
   
  NH4OH 1 
no redox peak 
found 
OPE-NO2 THF 
   
  NH4OH 1 96.2 
OPE-NH2 THF 
 
  NH4OH 1 
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Figure 5.8   (a) Topography of OPE SAM on Gold Substrate and the Simultaneous Current Image.  





As can be seen from the I-V curves shown in Figure 5.8, the conductivities of OPE 
and OPE-NO2 are better than that of OPE-NH2. This result is consistent with the 
optimization of molecular structures shown in Figure 5.4. Optimized molecular 
structures in Figure 5.4 show that in OPE-NH2 molecule, the lone pair of NH2 group 
is only partially conjugated with the connected benzene ring. The NH2 group is thus 
positioned away from the plane of the benzene ring and as a result, this even pulls 
this benzene ring out of the plane of OPE backbone. The conjugation in OPE-NH2 
molecule is therefore significantly weakened, and the increased barrier for electron 
tunneling leads to a large resistance. Conversely, the –NO2 group is of a planar 
geometry and in the same plane of the OPE backbone, thus extending the conjugation 
system. 
 
Meanwhile, it can be seen that the I-V curve of OPE is symmetric while those of 
OPE-NO2 and OPE-NH2 are asymmetric because the introduction of -NO2 and –NH2 
into the molecular wire destroyed the symmetric electron density distribution along 
OPE molecules. It is worth noting that the slight difference in the Fermi level of 
platinum AFM tip and that of gold substrate can cause an asymmetric I-V curve due 
to different contact resistance. However, at low voltages, the changes of the 
electronic structure of frontier molecular orbital play a much more important role.  
 
On the other hand, through these asymmetric I-V curves, the assembly conformation 




conformations for OPE-NO2 and OPE-NH2 when they assemble between AFM tip 
and Au substrate. In one, the functional group is closer to the gold surface while in 
the other, it is closer to the platinum tip. Detailed simulation calculation will give rise 
to different conductance values for one conformation for opposing electric fields.  
Comparing the experimental asymmetric current-voltage curves with the calculation 
results, the actual extended molecular conformation of OPE-NO2 and OPE-NH2 on 
gold surface can be deduced.  
 
At a voltage larger than 1 V, for all three molecules, the current increased much 
faster than that at voltages lower than 1 V. However, for OPE-NH2 and OPE-NO2, a 
current change together with an attraction or repulsion force between the sample and 
tip was observed under a large electric field. Figure 5.12 shows the simultaneous I-V 
curve and deflection feedback signal of OPE-NO2 during the measurement. A 
stepwise current starts at a voltage around 1 V (or -1 V). A deflection as large as 90 
mV (which is corresponding to a force of around 2.25 nN) appears at almost the 
same time. Taking note of the stable deflection signal at low voltage, the strong 
interaction between molecule and tip was thus induced by the strong electric field 
but not the noise or instrumental signal instability.  
 
The stepwise behavior in current observed under a large voltage can be explained by 
the extra number of molecular orbitals which were involved in charge transport 




sharply increased current). At the same time, the large voltage may cause changes in 
the conformation of the molecules. Theoretical studies showed that most triple and 
double carbon-carbon bonds become longer with the increase of electric field and 
this results in an enhanced conjugation system [6]. Hence the force is induced by the 














Figure 5.12 Measurement Results of Deflection and Current v.s. Ramping Voltage (-2V to 2V) of 
OPE-NO2 Molecule in Tip-Molecule-Au Junction. The blue line is the forward current and red one is 
the retract current as marked with arrows.  
 





The contact-mode AFM topography image (Figure 5.7) shows that the surface of the 
gold microplate is flat, which would provide a good stage for the placement of the 
conducting probe AFM tip. As shown in Figure 5.7, the areas of the gold microplates 















Figure 5.13 AFM Topography and Section Analysis of Gold Microplates Deposited on SAMs. The 
areas of these plates vary from 0.5 to 5 μm2 with a thickness of ~15 nm.  
 
Comparing the experimental results from these two molecular junctions 




signal is more stable with a gold microplate as the second electrode. With a S-Au 
bond between gold microplate and SAM, the system is further simplified for data 
interpretation compared to the Pt-molecule-Au junction, because of the well defined 
contact structure. In the measurement of Pt-molecule-Au junction conductance, an 
interference photo-induced current was observed with the optical microscope (OM 
system). Such vibrations were significantly weakened after the OM system was shut 
off for 0.5 to 1 hour. The UV-Vis spectra of these oligomers have implied that 
electrons in these molecules can be excited at wavelengths ranging from 350 to 450 
nm. The light from OM system shining directly on the OPE molecules may induce 
an electron transfer process. The gold microplates which covered SAM can 
effectively eliminate this interference current. 
 
Using gold microplate as the second electrode has provided several advantages; 
however, estimation of the conductance of single molecule from the gold microplate 
area is still difficult. OPE, especially when it carries a bulky substituent group, 
cannot form a dense monolayer. Defects in SAM will affect the estimation results. 
Besides, the current may be saturated at a lower bias because of the large number of 
molecules involved in such junctions. Last but not the least, some special properties 







5.4 Conclusions  
In this chapter, we have studied the self-assembly behaviors of OPE, OPE-NO2 and 
OPE-NH2 molecules with chemical- and potential-assisted assembly methods. The 
formation of monolayer was realized by changing the solvent system.  
 
The conductance and charge transport process of these oligomers were studied with 
conducting probe AFM in two types of molecular junction. Differences in 
conductance and the lack of symmetry of I-V curves indicate that electron-donating 
group (-NH2) and electron-withdrawing group (-NO2) have changed the electronic 
structures of OPE molecules. Under a large bias, conformation changes and sharp 
current increase were observed for OPE-NO2 and OPE-NH2 which suggests that the 
electronic structure of OPE molecules can be tuned by substitution with different 
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Chapter 6    
Conclusions and Further Work 
 
6.1 Conclusions  
In this work, we have conducted a study of self-assembly behaviors and electronic 
properties of both saturated and conjugated organic molecules on gold surface. A 
range of characterization methods were applied. The self-assembly behavior of 
saturated alkanethiol molecules (CnH2n+2S (n=6, 8, 12)) was different from that of 
conjugated dithiol terminated oligo(phenylene ethynylene) molecules. Saturated 
short alkanethiol molecules were able to form densely packed, ordered SAMs in a 
few minutes from ethanol while conjugated dithiol terminated oligomers required a 
longer time as well as strictly dark, oxygen-free conditions. Bulky substituent groups 
and the benzene ring in these oligomers reduced the density of the SAMs. Thiol 
groups on both ends of these molecules facilitated the formation of multilayers 
through S-S bonds. In our experiments, dithiol terminated oligomers can be 
assembled into SAMs by tuning their properties in different solvents. 
 
The conductance and charge transport process of conjugated molecules were studied 
by conducting probe AFM. The results showed that large delocalized systems had 
better conductivities and much more complex electronic structures compared to 
alkanethiols. The introduction of functional groups can change the positions of the 




observations, like asymmetric conductance under opposite electric field directions, a 
stepwise I-V curve under high bias, and a tip-molecule interaction change under 
strong electric field. Our results also suggested that external electric field can be 
used to tune the molecular conductance and molecular conformation.  
 
6.2 Further Work 
The inherent advantage of using conducting probe AFM to study molecular 
electronics is the simultaneous observation of electrode-molecule interactions while 
ramping the current-voltage curve. In our project, the sensitivity of force detection is 
as high as 1 nN. It can be further improved by choosing soft cantilevers which are of 
a smaller spring constant. This high sensitivity allows for a precise control of the 
force applied on the molecules through AFM tip. The force may be used to tune the 
molecular assembly conformation and thus its electronic structure. Besides the 
external force, temperature may play another important role in the charge transport 
mechanism in the molecular scale. A vacuum chamber with controllable internal 
temperature can be adopted to study the molecular electronic properties under 
varying temperatures. Such a chamber can also be used to prevent photon induced 
current which is a strong interference during the measurement.  
 
Besides the instrumental modifications, accurate characterization of molecular 
conductance also relies on the quality of SAMs. However, for complicated organic 




and bulky functional groups can block the assembly process. The presence of the 
dithiol on both ends can lead to multilayer formation. Molecules of long flexible 
structures may fall down on the surface. One solution is inserting these complex 
long molecules into the short alkanethiol matrix which is able to support the long 
complex molecules in an upright manner [1, 2] and greatly decrease the chance of 
S-S bond formation. Recently, the group of C.D. Frisbe has successfully studied 
conjugated oligmers with a length of more than 5 nm by further constructing the 
molecular wire structure on the gold surface step by step after a primary SAMs 
structure has been formed [3]. The structure of the longer oligomers is closer to that 
of polymers, thus allowing further elucidation of the charge transport mechanism in 
conductive polymer thin films. 
 
To improve the conductivity of conjugated molecules and allow for the introduction 
of new properties, functional groups with strong electron-donating or 
electron-withdrawing properties can be considered. Another approach is the 
introduction of a metallic center or organometallic bonds into the conjugated 
molecules. Some preliminary studies have been done by C.D. Frisbie et al. In their 
work, a metal-redox center was introduced into conjugated molecules which led to 
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